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Jaclyn Raeburn,a Ben Alston,a Jeanne Kroeger,a Tom O. McDonald,a
Jonathan R. Howse,b Petra J. Cameronc and Dave J. Adams*aSpatial control over gelation with low molecular weight gelators is
possible using an electrochemically-driven pH triggering method.
Gelation occurs at the electrode surface. We show here that
composition control in multi-component low molecular weight
hydrogels can also be achieved, allowing simultaneous spatial,
temporal and compositional control.Hydrogels are used in a wide range of applications including
biomedicine, foods, and nanotechnology.1 There are many
methods of forming hydrogels, including using biopolymers
such as alginate or gelatin,2 or by covalently cross-linking water-
soluble polymers.3 An alternative approach is to self-assemble
small molecules dissolved in solution into brous structures,
which entangle physically to form the network.4 Such low
molecular weight gelators (LMWG) are attracting interest in
many areas, including cell culturing, energy transfer and opto-
electronics,4d,5 and catalysis.4d,6 To form gels using LMWG, a
trigger needs to be applied to change the state from one in
which the molecules are soluble to one in which they aggregate
and self-assemble into one-dimensional bres.4a,4b For hydro-
gels, a number of suitable triggers have been reported for
diﬀerent LMWG, including temperature, pH and the addition of
salts. The properties of the nal gels can depend on the trigger
used and the process by which gelation is carried out.7 In the
majority of cases, gelation occurs upon the addition of the
trigger and occurs homogeneously throughout the solution.
Hence, temporal control is possible (i.e. by when the trigger is
applied), but spatial control is oen diﬃcult due to thermal and
chemical diﬀusion. Another challenge is control over compo-
sition; in the majority of cases, LMWGs are studied as singlerpool, Crown Street, Liverpool, L69 7ZD,
ngineering, The University of Sheﬃeld,
h, 1 South, Bath, BA2 7AY, UK
tion (ESI) available. See DOI:
hemistry 2014components and are assumed to be homogeneously distributed
throughout the solvent. There are few examples describing the
mixing of two LMWG8 (although there are specic systems
which only form a gel when two components are present9).
However, spatially resolving mixed LMWG could potentially be
used to generate systems with specic regions of functionality
or patterned surfaces, allowing materials with higher levels of
complexity and information content. For example, patterned
hydrogel surfaces can be used to manipulate cell growth,
making them an important and emerging area in biomaterials
research.10
In terms of spatial control, gelation has been triggered in
specic locations within a solution of the LMWG using a
photoacid and an optical mask.11 Similarly, masks have been
used to photodegrade specic regions within a gel,12 making
use of the reversibility of the network. Lithographic
approaches have also been used to generate patterned areas of
gel on a surface.13 Immobilisation of an enzyme on a surface
can be used to spatially gel some LMWG; gelation only occurs
where the enzyme is located.14 One method which demon-
strates through use of a high molecular weight gelator, spatial
control over the formation of biopolymer gels is electrodepo-
sition, where a pH gradient is generated electrochemically
relative to the electrode surface.15 Biopolymers such as chito-
san that respond to a change in pH then assemble locally,
forming a gelled region on the electrode. The majority of the
biopolymer remains free in solution. In 2010, we showed that a
similar approach could be used to locally form very thin gel
layers (on the order of tens of nanometres) on an electrode
surface using a dipeptide-based LMWG via a pH trigger.16 Liu
et al. showed similar results for an amino acid-based
LMWG.15b,17 This approach is very appealing in that it allows
both spatial and temporal control over the gelation of LMWG.
Here, we show that this approach can be advanced for the
preparation of complex, multi-component hydrogel materials.
We demonstrate for the rst time how we can nely control the
chemical composition of the gels, allowing access to uniquely
controlled gel structures.Mater. Horiz., 2014, 1, 241–246 | 241
Fig. 1 (a) Schematic showing hydrogelation at a glassy carbon elec-
trode surface as a consequence of hydroquinone oxidation. (b) Adding
Methyl Red allows visualisation of the gel (low pH, pink) from bulk
solution (high pH, yellow). (c) A layer of a gel grown on a dyed pre-
existing gel layer. (d) Two gels grown in parallel using LMWG 1 on two
diﬀerent electrodes at (left) 10 mA and (right) 50 mA for 1000 s. (e)
Volume of gels grown using LMWG 1 at diﬀerent currents with time; 5
mA (blue), 20 mA (red), 50 mA (green) and 90 mA (black). (f) Volume of
gels grown using LMWG 2 at diﬀerent currents with time; 20 mA (red),
50 mA (green) and 90 mA (black). (g) Lag time observed for LMWG 1 (C)
and LMWG 2 (B) at diﬀerent currents. (h) Lag times for diﬀerent LMWG
with diﬀerent pKa (left to right: LMWG¼ 3, 5, 2, 6, and 1), for gels grown
at 30 mA for 1000 s.
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View Article OnlineHere, as LMWG, we use functionalised dipeptides that gel on
a change in pH (Scheme 1).18 These dipeptides dissolve or are
dispersed as micellar structures at high pH,19 but gel at low pH.
The pKa of these dipeptides are typically 5–7, and gelation typi-
cally occurs at a pH just below the pKa.20 We show here that this
concept allows ne temporal and spatial control over the gelation
process allowing the formation of multi-component LMWG
systems. To induce gelation at a surface, a solution of a dipeptide
LMWG is prepared at pH 8 at a concentration of 5 mg mL1,
incorporating hydroquinone (HQ) and sodium chloride (0.065 M
and 0.1 M, respectively). Under these conditions, a free-owing
transparent solution is typically observed. In the work presented
here, we focus on the LMWG shown in Scheme 1.
However, it is important to note that this methodology is not
restricted to these gelators (indeed, we nd a direct correlation
with those LMWG that gel using other pH triggers and this
electrochemical method). To achieve gelation, a conventional
three-electrode system for solution based electrochemistry was
used, where the working electrode (where gelation occurs) was
a glassy carbon electrode. The application of current to the
working electrode results in the oxidation of HQ and the
liberation of protons. Given the rate of formation of protons at
the electrode surface and diﬀusion coeﬃcient of the free
protons, a localised pH drop at the electrode surface is
produced.16 When the local pH drops below the pKa of the
LMWG, a gel forms at the surface of the electrode. This process
is shown schematically in Fig. 1a. It is important to note that
bulk gelation does not occur, and that a gelling front is seen to
move away from the electrode surface. To visualise the local-
ised pH change in solution, Methyl Red was added as an
indicator. The bulk solution was yellow in colour indicative of
pH ¼ 8, whilst on the application of a current, the gel turned
pink (Fig. 1b), indicating that in this specic case, the pH of the
gel was lower thanpH 4.4 (conrmed on larger samples using
a pH probe). The gel could be removed intact from the elec-
trode (Fig. S1†). The LMWG used here all have apparent pKa
values higher than 4.4 and hence form gels. No gradient in
colour was observed, suggesting that the pH within the gel is
uniform. This is similar to the sharp pH interface observed in
electrodeposited chitosan gels, where a distinct region of pH 10
electrodeposited gel was observed to be distinct from the
surrounding pH 5.3 solution.21Scheme 1 Structures of the LMWG used in this study.
242 | Mater. Horiz., 2014, 1, 241–246It is possible to more nely control the gelation process.
Using a galvanostatic measurement approach (i.e. constant
current for a set time), the nal gel volume could be controlled.
As more oxidation current is drawn (up to the diﬀusion limited
current in the stationary solution), the number of HQmolecules
being oxidised increases, the supply of protons at the surface
increases and the pH drops more quickly. We concentrate here
on two LMWG which have quite distinct apparent pKa values. 1
has a pKa of 6.6, whilst 2 has a lower pKa of 5.0.20a For 1, using
currents from 5 to 100 mA (current densities of 0.71–14.2 A m2
respectively) for a set duration of 1000 s, it can be seen that
gelation occurred across all of these currents (Fig. 1e; photo-
graphs of resulting example gels are shown in Fig. S2†), with
increased volumes of gel formed at the higher currents.
Dynamic gel growth was monitored and the images analysed,
allowing quantitative measurements of the gels with respect to
the current applied. As the current was increased, and hence
production of protons increased, the gel volume produced for a
given time period increased (Fig. 1e). Fig. 1d shows the parallel
growth of two gels formed from 1, where the size diﬀerence inThis journal is © The Royal Society of Chemistry 2014
Fig. 2 (a) Gel grown on a FTO-coated glass slide using 1. The gel
grows where the slide is immersed in the solution. (b) Top view of (a).
(c) A FTO-coated slide which has been etched to remove two linear
strips of the conducting FTO surface and create three parallel elec-
trodes. (d) Three gels grown on the three parallel electrodes shown in
(c). (e) Side view of three gels grown in parallel. (f) Conductive glass
slide with four circular areas of conductivity removed with masks. (g
and h) Gel of 1 grown on the masked slide. (i) A second gel of 1 dyed
with Direct Red formed using GdL inside the voids left by the mask.
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View Article Onlinegels produced by diﬀerent currents is more easily visualised.
Hence, by using multiple electrodes in the same gel solution, it
is possible to spatially position diﬀerent regions of gel, if
required with diﬀerent sizes and properties.
Experiments were also carried out using the more hydro-
philic 2 (Fig. 1f; photographs of example resulting gels are
shown in Fig. S3†). The same current range was measured for
this LMWG as for 1. For 2, no gelation occurred when the
current was set to 5 or 10 mA for 1000 s. From the potentiometric
data for 1 (Fig. 1e), these currents are suﬃcient for the oxidation
of HQ. Hence, the number of protons produced at these
currents must not be suﬃcient to lower the local pH near the
electrode surface below the lower pKa of 2. Comparison of the
nal areas of gels produced using currents of 20 mA to 100 mA for
both 1 and 2 showed signicant diﬀerences in gel volume. For
example, at 50 mA, 1 produced a gel with a volume of 30.5 mm3
aer 1000 s, whereas 2 produced a considerably smaller gel with
a volume of 6.7 mm3.
This methodology can be further extended to grow multi-
layer gels. This is done by removing the electrode from one
solution and placing in another. Gels grew outward from the
surface of the existing gel. Gelation is the result of protonation
of the LMWG and hence protons produced at the electrode
surface diﬀuse through a “proton-loaded” gel structure which
then diﬀuse to the gel–solution interface. Gel growth is the
determined by whichever LMWG is present at this interface,
allowing for variable gel-on-gel layers to be formed. Even growth
of the second gel layer over a pre-existing gel (Fig. 1c) is
observed, and layers can be formed from either the same LMWG
or from diﬀerent LMWG if the solution is changed. Here we
note that the further current needs to be applied for the growth
of the multilayers, unlike for the very thin gel layers reported
previously,16,22 although we cannot rule out the formation of
nanometre thick layers by passive diﬀusion. We also note that
the growth observed previously under passive diﬀusion
occurred over timescales of 48 hours, as opposed to the time-
scale of seconds here under an active current. In these multi-
layered systems, it is unclear as to whether any of the second
LMWG diﬀuses into the pre-formed gel or whether it is conned
solely to the second layer.
Usefully, the amount of current supplied to the system can
also control the time before gelation begins (the lag time) in
these systems. Both 1 and 2 form gels when a current of 20 mA is
used for 1000 s (Fig. 1e and f). However, not only do they
produce diﬀerent sized gels under these conditions, but gela-
tion begins much earlier for 1, which has the higher pKa, nearer
to that of the bulk solution. 1 began to form a gel aer 30 s
whilst 2 did not start to form a gel under these conditions for
the rst 240 s (Fig. 1e and f). Also, as the current is increased for
either of the LMWG, the gelation begins earlier (Fig. 1g). We
attribute the growth trends to the rate at which protons are
generated, which changes the time until the local pH
approaches that of the LMWG pKa. For the range of LMWG
tested (Scheme 1), at a set current, the lag time correlates with
the measured apparent pKa of the LMWG (Fig. 1h). LMWG with
a high pKa demonstrate a short lag time and vice versa as
expected.This journal is © The Royal Society of Chemistry 2014This technique can be applied to any conductive surface
allowing for scale-up and extension to complex structures and
topographies. For example, uorine-doped tin oxide (FTO) glass
slides can be used to provide a larger surface area for HQ
oxidation and subsequent hydrogel formation to occur,
demonstrated here using a three-electrode system, with the FTO
glass slide acting as the working electrode in the system.
Homogeneous gel growth occurred across all the exposed
conductive areas of the slide immersed in the LMWG solution
(Fig. 2a and b) when current was applied. Gels with thicknesses
in the millimetre range could readily be produced from a 10 mL
solution (at a concentration of LMWG of 0.5 wt%) of the LMWG
at currents of 800 to 2000 mA, equivalent to current densities of
1.74 to 4.35 A m2, respectively. These current densities are
comparable to those found for the glass carbon electrode
studies reported earlier. Such an approach is capable of
producing a quantity of gel suﬃcient for analysis by rheology.
Table 1 shows the consequent G0 (storage modulus) and G0 0 (loss
modulus) values measured for a number of LMWG (Scheme 1Mater. Horiz., 2014, 1, 241–246 | 243
Table 1 Rheological data for gels formed on a glass slide. Gels were
grown for 1000 s at a current of 1000 mA
LMWG G0 [Pa] G0 0 [Pa] pH
1 6800 330 3.8
2 2600 200 3.2
3 —a —a —a
4 14 000 1800 4.4
5 2800 440 3.2
6 5200 340 4.0
a The gel formed with LMWG 3 was too weak to be removed from the
slide and measured.
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View Article Onlinefor structures; see Fig. S4† for the strain sweep data and Fig. S5†
for the frequency sweep data), including 1 and 2. Gels were
grown on the glass slides using a galvanostatic method similar
to that described above. In this case, all experiments used a set
current of 1000 mA (2.17 A m2) and set time of 1000 s. Despite
diﬀerences in pKa, all of these LMWG resulted in gels of suﬃ-
cient volume for rheological analysis. All of the gels (apart from
that of 3) had G0 values in the kPa region and G0 was at least an
order of magnitude higher than G0 0, indicative of a rigid
hydrogel structure. These values are comparable to values in the
literature for gels prepared using these LMWG via other self-
assembly methods.19b,20a,23 The gel for 3 was too weak to remove
from the slide and measure, in agreement with the data for
other pH triggered methods, where 3 was found to give much
weaker gels than the other LMWG used here.20a Using this
current and time, the pH values of the gels were in the range of
pH 3–4 (measured using a pH probe). Imaging the dried gels by
scanning electron microscopy (SEM) showed densely packed
brous networks with bre widths in the nanometre range
(Fig. S6†), comparable on both the nano and micron scale to
gels formed by other pH-trigger methods using these
LMWG.11,19b,20a,23 The kinetics of gel formation does have an
eﬀect on the rheological properties of the gels. When the gels
are grown faster (i.e. using a higher current; note the measured
gels had the same thickness), the resulting G0 are higher (Table
S1†). The pH of the gels are also lower and hence it is not clear
as to whether the diﬀerences in rheological properties are a
result of the inherent kinetics of gel formation or diﬀerences in
the nal pH.
Having control over the gelation process using this electro-
chemical method means that several interesting gels can be
prepared as we demonstrate below. As above, multiple gels can
be grown in parallel from a single solution by the application of
diﬀerent currents to two slides, aﬀording hydrogels of diﬀerent
thicknesses in the same sample (Fig. S7†). Multiple gels can be
also be grown on one slide by creating multiple electrodes on a
single slide. Fig. 2c shows an FTO-coated slide which has been
etched to remove two linear strips of the conducting FTO
surface and hence create three parallel electrodes. Gelation
occurs on the slide only where the coating is intact. Applying a
region-specic current or currents can allow a gel to be created
on one part of the slide or gels of diﬀerent thicknesses to be
created in diﬀerent areas of the slide (Fig. 2d and e). Enabling
the surface roughness to be altered by simply controlling the244 | Mater. Horiz., 2014, 1, 241–246current applied would be of potential interest for cell culture for
example, where the roughness of the gel matrix in which the
cells are grown can aﬀect cell proliferation. Complexity can be
further enhanced further by having “strips” of gels produced
from diﬀerent gelators prepared using the slide in Fig. 2d.
These gels could rstly be of diﬀerent thicknesses, but they
could also provide a single gel layer with multiple rheological
and chemical properties. Fig. 2f further demonstrates this
concept. Here, a mask is used to enable patterned surfaces to be
produced, consisting of both electrochemically-induced hydro-
gels and hydrogels prepared using another pH trigger (glucono-
d-lactone (GdL)23,24). First, the current is applied to gel on the
electrode surface. No gel growth occurs where the mask is
present (Fig. 2g). The cavities where the mask has prevented
gelation can be lled with gelator solution (containing GdL,
dyed with Direct Red) to give a gel-in-gel layer with diﬀerent
rheological properties and ultimately diﬀerent brous networks
within the matrix (Fig. 2i).
We also demonstrate the potential to form more complex
multi-component LMWGs with a ne degree of control over
LMWG composition. We have previously shown that bulk gels
can be formed from self-sorted multi-component LMWG
systems.25 By slowly adjusting the pH, two LMWG with diﬀerent
pKa values can independently self-assemble; the slow pH change
means that the pH reaches the pKa of one LMWG before that of
the other. Hence, the rst LMWG self-assembles, with the other
gelator remaining in solution until the pH decreases further to
the second pKa. Here, by using the electrochemical oxidation of
HQ as the means of lowering the pH, we are able to nely control
the composition of a spatially resolved gel in a mixture of
multiple LMWG, schematically shown in Fig. 3a. To exemplify
this, a solution containing 1 and 2 (both at a concentration of 5
mg mL1) was used with the FTO-coated glass slide setup to
prepare gels. Gelation was probed by NMR spectroscopy; when a
LMWG self-assembles into bres, it becomes NMR invisible.25
Hence, the amount of LMWG that has assembled can be deter-
mined by NMR spectroscopy. Here, we focus on the gel that is
formed, not the solution that remains. A galvanostatic method
was used to grow gels with a set current and time as above. Aer a
set current of 800 mA (1.74 A m2) has been applied for 100 s, in
the gel, 1 is not visible in the NMR spectrum. The NMR spectrum
of this gel shows 100% of expected amount of 2 if no assembly of
this LMWG had occurred. Hence, the gel formed at this current
and time consists of a network formed from 1, with 2 remaining
in solution between the bres (schematically shown in Fig. 3a(i)).
At a higher current of 1750 mA (3.80 A m2) for a xed time of 300
s and above, both 1 and 2 are self-assembled and NMR-invisible
(Fig. 3a(ii)). Fig. 3b shows that, as the current applied was
increased (for a constant time), the percentage of 2 detectable by
NMR spectroscopy in the gel decreased; 1 remained undetectable
throughout. Using the same currents, for a time of 300 s, showed
a more rapid decrease in the concentration of 2 remaining in
solution as compared to a time of 100 s (Fig. 3b). Fig. 3c shows
that for a xed current, the amount of 2 remaining solution is
controlled by the time used to form the gel. This further demon-
strates the concept that current applied aﬀects both the value and
rate of decrease in pH.This journal is © The Royal Society of Chemistry 2014
Fig. 3 (a) Schematic showing the sequential assembly of two LMWG in
a multi-component system. (i) The LMWG with the highest pKa will
assemble ﬁrst as the pH is decreased, whilst the second LMWG will
remain in solution until (ii) its pKa is reached. (b) Percentage of 2
detectable in the NMR spectrum of a gelled 1 : 1 mixture of 1 and 2;
gels formed at diﬀerent currents for times of (C) 100 s and (B) 300 s.
(c) Percentage of 2 detectable in the NMR spectrum of a gelled 1 : 1
mixture of 1 and 2; gels formed at a current of 800 mA for diﬀerent
times. (d) Partial NMR spectra for (top) stock solution of 1 and 2, each at
a concentration of 0.5 wt% at pD 8 in D2O – the purple peaks are from
the valine methyl peaks of 1 and the red peaks are from the alanine
methyl groups on 2; (middle) application of a current of 1250 mA for
100 s results in loss of the peaks from 1 whilst 2 remains in solution;
(bottom) application of a current of 2000 mA for 300 s results in the
loss of peaks from both 1 and 2, showing that both have gelled.
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View Article OnlineHence, we are able to both temporally and spatially gel
diﬀerent LMWG from amulti-component mixture. To exemplify
this, we placed two slides within a solution containing both 1
and 2. Gels were grown in parallel, one at a current of 1250 mA
for 100 s and the second at 2000 mA for 300 s. As expected from
the data shown in Fig. 3b, the NMR spectrum of the gel grown at
1250 mA for 100 s showed only the presence of 2, demonstrating
that the network comprised only LMWG 1, whilst the gel grown
at 2000 mA for 300 s showed the presence of neither 1 nor 2,
showing that both LMWG had assembled in this case (Fig. 3d).
The bulk solution showed the presence of both 1 and 2, showing
that no assembly had occurred in the bulk. To the best of our
knowledge, this is the only example where such control over
both the time of assembly and gel composition has been
demonstrated for these low molecular weight gelators.This journal is © The Royal Society of Chemistry 2014Conclusions
In conclusion, we have shown here the ne control that can be
achieved by electrochemically triggering the gelation of LMWG.
Not only can signicant and useful amounts of gels be formed,
but the composition of the gels can be controlled by judicious
choice of the applied current and selection of the LMWG. It can
easily be envisaged that through utilising LMWG with specic
structures, this methodology could easily be adopted to prepare
gels with specic guided tracks for cell alignment for example.
Indeed, it is possible to prepare gels directly in cell culture
medium using this technique (data not shown), implying that
there will be signicant utility of this approach. The degree of
control over composition in a multi-component system has the
potential to generate systems with specic regions of func-
tionality or patterned surfaces, allowing materials with higher
levels of complexity and information content. We have shown
here a degree of spatial control, although using relatively large
patterns. A challenge will be to develop these to smaller sizes
where proton diﬀusion and subsequent dissolution may be too
fast for eﬀective gel formation, although we note that we have
managed to use this electrochemical approach successfully for
nanometre sized gels without issues over dissolution,16
providing care is taken over the relative pH of the bulk solution
and the gels.Notes and references
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